The superconducting phase in iron-based high-Tc superconductors (FeSC), as in other unconventional superconductors such as the cuprates, neighbors a magnetically ordered one in the phase diagram. This proximity hints at the importance of electron correlation effects in these materials, and Hund's exchange interaction has been suggested to be the dominant correlation effect in FeSCs because of their multiband nature. By this reasoning, correlation should be strongest for materials closest to a halffilled 3d electron shell (Mn compounds, hole-doped FeSCs) and decrease for systems with both higher (electron-doped FeSCs) and lower (Cr-pnictides) 3d counts. Here we address the strength of correlation effects in nonsuperconducting antiferromagnetic BaCr 2 As 2 by means of angle-resolved photoemission spectroscopy (ARPES) and first-principles calculations. This combination provides us with two handles on the strength of correlation: First, a comparison of the experimental and calculated effective masses yields the correlation-induced mass renormalization. In addition, the lifetime broadening of the experimentally observed dispersions provides another measure of the correlation strength. Both approaches reveal a reduction of electron correlation in BaCr 2 As 2 with respect to systems with a 3d count closer to five. Our results thereby support the theoretical predictions that Hund's exchange interaction is important in these materials.
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correlated systems | transition metal pnictides | superconductivity | ARPES T he discovery of the high-Tc iron-based superconductors (FeSC) (1) has stimulated strong research activities in this field (2) . Similar to the cuprates and other unconventional superconductors, in the phase diagram of the temperature vs. control parameter, the superconducting dome appears at the end of an antiferromagnetic region. Therefore, it seems likely that correlation effects may be important for the FeSCs. On the other hand, different from the cuprates, the parent compounds of the FeSCs are not Mott-Hubbard insulators but metallic. Furthermore, a multiplet analysis of X-ray absorption edges at the Fe 2p level yielded values for the on-site Coulomb interaction U at the iron sites smaller than 2 eV, which is less than the bandwidth of the iron bands W = 5 eV (3, 4) . This led to the conclusion that FeSCs are only moderately correlated systems.
Theoretical studies (5-10), however, pointed out that, due to the multiorbital electronic structure together with Hund's exchange interaction JH , correlation effects are important. According to these studies, correlation effects should be strongest for compounds with a nearly half-filled 3d electron shell (e.g., Mn compounds and hole-doped ferropnictides), and these effects should be smaller for compounds having a 3d count closer to 6 (electron-doped ferropnictides) or compounds having a 3d count closer to 4 (e.g., Cr-pnictides).
There are several experimental studies of the mass enhancement as a function of the 3d count in the ferropnictides which confirm these predictions (11, 12) . These studies, however, suffer from a large variance of the experimental results and in the case of transport and thermal property data they cannot be assigned to particular bands. Additional angle-resolved photoemission spectroscopy (ARPES) data on the scattering rate of inner hole pockets as a function of 3d count (13) show a strong incoherence of the charge carriers in the hole-doped ferropnictides and more coherence for the electron-doped compounds. Incoherence of the charge carriers is caused by strong correlation effects while coherence is related to weaker correlation effects.
The theoretical results predicting a symmetry relative to the 3d count of five for a half-filled 3d shell led to the speculation that high-Tc superconductivity may also appear in Cr-pnictide compounds (14, 15) . However, to our knowledge no superconductivity has been observed in BaCr2As2. Mn and Cr doping of BaFe2As2 furthermore turned out to be detrimental to superconductivity (16). Singh et al. (17) predicted that BaCr2As2 exhibits an enhanced mass renormalization and stronger CrAs covalency compared with the Fe-based superconductors. Very recently, the discovery of superconductivity in K2Cr2As3 (18) and high-pressure superconductivity in CrAs (19) sparked renewed interest in exploring the effect of Cr doping in ironbased superconductors.
In this contribution we study the question of whether for pnictide compounds with a 3d count smaller than five, correlation effects increase or decrease. This is a fundamental question in correlated condensed-matter physics. The answer could confirm the importance of Hund's exchange interaction JH for the coherence of the charge carriers in these compounds and it could confirm or deny the existence of a "Hund's metal" (5) .
Significance
By varying the 3d transition metal element in the family of the high-temperature superconducting pnictide family, the role of electron-electron correlations can be probed. Here we report the growth of single crystals of the antiferromagnetic compound BaCr 2 As 2 that permit angle-resolved photoemission studies to determine its electronic structure. We show, from measurements of the electron's effective mass and the lifetime broadening of the electron energy bands, that the electronelectron correlation strength is determined in large part by a Hund's exchange interaction. Our results help us understand the subtle competition between the antiferromagnetic ground state of the Cr, Mn, and Fe pnictides and the superconducting ground state that has been found only in the iron pnictides to date.
We use ARPES (20) to yield information on the mass renormalization, related to the real part of the self-energy Σ, and on the scattering rate or the lifetime broadening Γ, which is related to the imaginary part of the self-energy Σ. We point out that Σ and Σ = Γ/2 are related via the Kramers-Kronig relation. Since we obtain not only energy-dependent, but also momentum-dependent information, ARPES provides information on the orbital and band dependence of the strength of the correlation effects. The experimental results are compared with band structure calculations in the local density approximation (LDA). The results on the mass renormalization as well as the scattering rate indicate a decrease of the correlation effects for compounds with a 3d count smaller than five, which confirms the theoretical predictions for the importance of Hund's exchange interaction for compounds with an electron configuration which is close to a half-filled 3d shell.
Results
In Fig. 1 A and B we present the structure and the Brillouin zone (BZ) of BaCr2As2, respectively. In Fig. 1C we show the exper- imental geometry of the present ARPES experiment (Methods).
In addition, we present in Fig. 1 D and E ARPES data of BaCr2As2 near the kz = 0 plane, using s polarized (vertically polarized) photons with the energy hν = 70 eV. For the calculation of the kz values we use an inner potential of V = 15 eV (21). Fig. 1D shows the experimental Fermi surface map. In Fig. 1E we present an energy-momentum distribution map measured along the S − Γ − S direction (parallel to ky ), where S = π a (0, ±1, 0). Three hole pockets at the center of the BZ are visible in Fig. 1 D and E. The derived Fermi wave vectors along the S − Γ − S direction are presented in Table 1 and compared with values obtained from an LDA band structure calculation which is depicted in Fig. 1G . The three hole pockets near Γ are marked by I, II, and III. In Fig. 1F we present a calculation of the Fermi surface in the kz = 0 plane. In Fig.  1H we show a calculation of the corresponding photoemission intensity, using the LDA together with matrix elements and final state effects (Methods). The calculated Fermi surface (Fig. 1F) as well as the intensity distribution agrees reasonably with the experimental ARPES Fermi surface and intensities. Small differences may be explained by the different surface termination in the experiment, which is usually assumed to be at low temperatures a half-occupied disordered Ba layer (22, 23) , and that used in the calculations, which was chosen to be As terminated. Additional differences between the experiment and the calculations may be caused by a misaligned crystal (Methods). According to the calculations, the inner hole pocket at Γ (Fig. 1G ) has predominantly Cr 3dxy and As 4pz orbital character. The middle and the outer hole pockets near Γ are dominated by Cr 3d xz /yz and 3d z 2 states and have fewer contributions from As 4px and 4py states.
The orbital character of the inner hole pocket, predicted from the LDA calculations, is in line with the experimentally observed strong intensity along the [010] direction ( Fig.  1 D and E) which is expected for s polarized photons and an odd wave function (here with 3dxy orbital character) relative to the horizontal scattering plane, but not for p polarized photons (24) .
From the ARPES data along the S − Γ − S direction (Fig.  1B) we derive the "renormalized" Fermi velocities v * F for the three hole pockets which are listed in Table 1 . These values are compared with the Fermi velocities v perpendicular to the CrAs layers. The energy-momentum distribution map, presented in Fig. 2B , is now measured along the S − Z − S line (Fig. 1B) . The inner hole pocket, now near the Z point, is not observed (Fig. 2 A and B) . This is in line with the calculated band structure (Fig. 1G) , which indicates that near the corresponding Z point, band I has moved to energies 1 eV below the Fermi level. Moreover, the calculated band structure depicted in Fig. 2D shows no inner hole pocket near Z . The apparent elongation of the middle hole pocket ( Fig.  2A) results from a superposition of the middle and the outer hole pocket, where the middle hole pocket has a large intensity along kx while the outer hole pocket has a larger intensity along ky . This is clearly observed in the corresponding photoemission intensity calculation shown in Fig. 2C . The experimental kF values along the S − Z − S line are listed in Table 1 . They are close to values derived from the density functional theory (DFT) calculations also shown in Table 1 . In Table 1 we also present the corresponding Fermi velocities and the mass renormalizations. Fig. 3 shows ARPES data taken with horizontally p polarized light. The Fermi surface map for kz = 0 (Fig. 3A) obtained using 70-eV photons also exhibits three hole pockets. The corresponding kF values are quite similar to those obtained with s polarization. The corresponding calculated Fermi surface map, shown in Fig. 3C , is in reasonable agreement with the experiment. The energy-momentum distribution map depicted in Fig.  3B , measured along S − Γ − S , exhibits all three hole pockets. In the energy-momentum distribution map (Fig. 3D) , measured along the S − Z − S line, the inner hole pocket is also absent as expected from the band structure calculation. The spectra acquired with p polarized light (Fig. 3 B and D) exhibit the presence of additional bands below 0.15 eV that are absent when using s polarization. These bands are possibly related to Cr 3d z 2 bands. In the spectra measured along the S − Γ − S line using s (Fig. 1 D and E) and p polarized photons (Fig. 3 A and B) , all three hole pockets are clearly visible. This is different from the hole-and electron-doped iron-pnictide compounds, where the intensity of the inner and the middle hole pocket changed upon changing the photon polarization (13, 21, 26) . This means that in BaCr2As2 both even and odd parity orbitals contribute to each band, indicating a stronger hybridization between the orbitals which was already predicted in ref. 17 .
The measured photoelectron spectra were further analyzed to extract the electron scattering rates. We performed a fitting of the momentum distribution curves by Lorentzians. The maxima of the Lorentzians, derived from constant energy cuts, result in the dispersions to which parabolic bands were fitted shown in Fig. 4 A and C by the white dashed lines where we present ARPES data measured with p polarized photons parallel to ky along S − Γ − S and S − Γ − S , respectively. In Fig. 4 A and C we also added the dispersions derived from the band structure calculation (shown by red dashed lines) to demonstrate the small mass renormalization in these compounds. The differences between experiment and calculations, which occur in particular for the outer hole pockets, may be explained by misaligned samples and by the differences between the real surface termination and that assumed in the calculations (Methods). The width of the Lorentzians represents the lifetime broadening. The half width at half maximum of the momentum distribution curves multiplied by the renormalized velocities provides the imaginary part of the self-energy Σ(E ) (Fig. 4 B and D) . In the accessible energy range, which is limited at low energy by the finite energy and momentum resolution and by a finite elastic scattering rate and at high energies by the presence of other bands, we observe a linear increase of Σ(E ). This is a hallmark of a non-Fermi-liquid regime, similar to what has been observed in the ferropnictides. In the evaluated region the imaginary part of the self-energy can be approximated by Σ(E ) = α + βE . α is determined by elastic scattering from impurities at the surface and in the bulk. Also a finite energy and momentum resolution contributes to the experimental α values, which are on the order of 10-20 meV. β is determined by inelastic scattering processes due to electron-electron interaction (26) . The β values derived from the ARPES data shown in Fig. 4 B and D are presented in Table 1 .
Discussion
In the electron-and hole-doped ferropnictides and in ferrochalcogenides, not only a mass renormalization has been derived from ARPES spectra, but also a band shift has been observed, which leads to a correlation-induced complex change of the Fermi wave vectors relative to Fermi wave vectors derived from LDA band structure calculations (27) . Theoretical work on this phenomenon has been published in refs. 5, 28, and 29. The proximity of the ARPES Fermi wave vectors in BaCr2As2 to the calculated ones is a first indication that correlation effects in BaCr2As2 are smaller than in the iron-based superconductors. This is supported also by the observation that different from the more correlated ferropnictides, where due to correlation effects the 3dxy pocket is shifted above the Fe 3d xz /yz hole pockets (29) , in BaCr2As2, due to reduced correlation effects, the 3dxy pocket remains below the 3d xz /yz pockets. Next we compare the mass renormalization observed in the present study on BaCr2As2 with those derived from ARPES, quantum oscillations, and thermal properties on the Fe-based compounds (11) . In the latter compounds mass renormalization values between 2 and 4 have been presented for most of the ferropnictides but in some studies values up to 18 have been published (11) . The values derived in the present study for BaCr2As2 are close to 1, indicating a rather small mass renormalization due to correlation effects mediated by electronelectron interaction. In this context we mention a recent study of the band renormalization in BaMn2As2 and BaMn2Sb2 in which also a negligible band structure renormalization has been observed (30) .
Next we discuss the derived scattering rates for the charge carriers in BaCr2As2. The highest β values in electron-doped and P-substituted ferropnictides are about 0.9 (26) while in the holedoped compounds β has a value of about 1.7 (13) . In BaCr2As2 the highest value, β = 0.63 is considerably reduced compared with the Fe compounds. Since the scattering rate in a local approximation is related to the effective on-site Coulomb interaction U eff , comprising also the Hund's exchange interaction JH (13, 26) , the reduced scattering rates could signal a reduced U eff and thus weaker correlation effects in the Cr-based compound.
On the other hand, the reduced scattering rates may be also influenced by the band structure which is different from that of the ferropnictides. There the largest scattering rates are caused by the nesting between sections on the hole pockets and on the electron pockets having the same orbital character (13, 26, 31) . In BaCr2As2, however, the corresponding electron pocket is not available for scattering processes, since due to the reduced total number of 3d electrons, it has moved far above the Fermi level. Nevertheless the β values derived for the individual hole pockets in BaCr2As2 have some similarities to those in ferropnictides. The β value for the inner hole pocket at Γ, having predominantly Cr 3dxy orbital character, is smaller than those derived from the other pockets which have predominantly 3d xz /yz orbital character. This is similar to the ferropnictides where the β value for sections of the Fermi surface having predominantly 3dyz character is larger than those having predominantly 3dxy orbital character. Furthermore, similar to the ferropnictide, there is some difference in the scattering rates between the non-3dxy pockets. It would be certainly interesting to understand these differences on the basis of theoretical calculations.
One may think that the reduced correlation effects in BaCr2As2 may be related to the antiferromagnetic order of this compound. However, in a recent study of Mn compounds (30) it was pointed out that in BaFe2As2 the strength of the correlation effects does not change when moving from the paramagnetic to the antiferromagnetic phase (32) . This statement is in line with DFT+density mean-field theory (DMFT) calculations for the mass renormalization in BaFe2As2 which predicted only a minor reduction when going from the paramagnetic to the antiferromagnetic state (33) .
The reduction of the correlation effects in BaCr2As2 relative to the hole-doped ferropnictides, derived from the real (related to the mass enhancement) and the imaginary part (related to the scattering rate) of the self-energy, perfectly agrees with the predictions derived from DFT+DMFT calculations and the conception of a Hund's metal, which leads to strong scattering rates connected with incoherence for the half-filled 3d shell. There U eff is enhanced due to the additional effects of Hund's exchange interaction JH . On the other hand when moving away from half filling to lower or higher 3d counts, according to these calculations, U eff is reduced by the Hund's exchange interaction. This would lead to reduced correlation effects and more coherent quasi-particles for smaller or larger filling of the 3d shell. The present study on the Cr compound showing a reduced scattering rate and a negligible band renormalization, compared with hole-doped ferropnictides, confirms the proposed theoretical concept of Hund's metals. Similar work coming to comparable conclusions was published after the submission of our work (34) .
Methods
ARPES has been performed on BaCr 2 As 2 single crystals. The details of the single-crystal synthesis and characterization are described elsewhere (35) . The ARPES experiments were carried out at the UE 112-PGM2b beamline of the synchrotron radiation facility BESSYII at Helmholtz-Zentrum Berlin, using the 1 3 ARPES end station that is equipped with a Scienta R4000 energy analyzer. All measurements were performed at a temperature of 1 K. The photon energies were varied from 50 eV to 110 eV, using both s and p polarization as defined in Fig. 1C . The mirror plane (0; 0; π) − Γ − (π; 0; 0) = (x; 0; z) was turned into the scattering plane. Using this geometry, cuts along the ky direction for various kx values could be recorded by changing the polar angle Θ from nearly normal incidence to more grazing incidence. A correct alignment of the crystal is difficult since in the 1 3 ARPES 1-K manipulator the crystal cannot be tilted. Furthermore, the azimuthal rotation is manual and causes an error of ≈4
• . The total energy resolution was ∼4 meV and the angular resolution was 0.2
• . The measurements were performed on crystals which were cleaved in situ at low temperatures. From ARPES experiments (22) and from band structure
